Composting is a biochemical process converting organic components into stable compost with release of heat, water, CO 2 and NH 3 . The objective of this work was to determine the amount of CO 2 and NH 3 in the exhaust gases during composting of tobacco waste (TW) and mixture of tobacco and grape waste (TGW , respectively.
Introduction
Industrial wastes include solid or liquid mass containing considerable amounts of organic matter. Tobacco and grape waste are classified as industrial wastes of organic origin, which are generated in different processes of the tobacco and cigarette production cycle and production of wine, respectively. 1, 2 Composting is an environmentally friendly and effective technology for treatment or management of organic wastes, which end-product is suitable for use as soil conditioner. 3 It is a biological treatment in which aerobic mesophilic and thermophilic microorganisms transform the biodegradable organic matter into CO 2 , NH 3 , H 2 O and a stable organic matter-compost. 4 Carbon dioxide is identified as a biogenic gas, because CO 2 is a measure of microbial respiration, and ammonia is generated as a product of microbial transformation of organic nitrogen. 5 Composting is used widely, but the hazardous and malodour emissions from composting plants represent a key environmental issue, particularly in highly populated countries. 6, 7 Carbon dioxide (CO 2 ) and ammonia (NH 3 ) are two major polluting gases which evolve during composting of tobacco and mixture of tobacco and grape waste. CO 2 is a greenhouse gas with a large impact on climate change, while ammonia is one of the main compounds responsible for generation of offensive odours and atmospheric pollution when composting organic waste with high nitrogen content. 8 Also, ammonia is a toxic and corrosive air pollutant responsible for acidification of rain and formation of aerosols. 9, 10 Several factors such as C/N ratio, temperature, mixing and turning, and aeration rate can influence the volatilization of ammonia during composting. Composting of nitrogen-rich wastes can be associated with substantial gaseous nitrogen losses. 11 Therefore, initial C/N ratio of tobacco waste has been adjusted to the proper range by adding grape waste with high carbon content, since greater nitrogen assimilation can facilitate less ammonia loss and enhance retention of nitrogen in the final compost product. 12 The aim of this work was to determine the concentration of carbon dioxide (CO 2 ) and ammonia (NH 3 ) in the exhaust gases during composting of tobacco waste (TW) and the mixture of tobacco and grape waste (TGW) in a laboratory-scale column reactor.
Experimental

Materials
In this work, two different substrates were used, tobacco waste (TW) and a mixture of tobacco and grape waste (TGW). The tobacco waste was generated during tobacco production in the tobacco factory TDR, Rovinj, Croatia. The TW product was composed of very fine powdery residues, leaf stalks and wet leaf parts with average moisture content of about 75 %. The TW was dried at room temperature until the moisture content was 10 % and then stored in cartons. This TW was used in the experiments. The grape waste was generated from wine production from the Plesivica hills in the western part of Croatia. In order to avoid any kind of degradation, fresh grape waste was kept in a freezer at −18 °C until it was used for the experiments. Table 1 presents the main characteristics of the initial composting mixture. 
Composting experiments
The composting experiments of TW and TGW were conducted in a closed, thermally insulated column reactor with effective volume of 10 dm 3 , Fig. 1 . The reactor was operated at an airflow rate of 0.66 dm 3 min −1 kg −1 per volatile mater (VM) and the temperature was monitored by thermocouples connected to the data logger during the 21 days of composting period. The composting mixture of TGW was prepared by mixing of grape waste (GW) and tobacco waste (TW) in the ratio of GW : TW = 55 : 45 (dry weight). This ratio was chosen based on initial C/N ratio of tobacco and grape waste. The moisture content of the substrate (TW and TGW) was set to about 60 % by adding water, and the 4.0 kg of mixture was put into the reactor from the top. To ensure permanent air humidity at the reactor's inlet, the air was saturated with moisture prior to entering the reactor by passing through a Drechsel bottle. After leaving the reactor, the hot spent air was allowed to cool naturally and the condensate was collected in the graduated cylinder. 
Analytical methods
The composting samples, taken periodically from the reactor, were tested for pH, moisture, volatile solid contents, carbon and nitrogen (C/N) ratio, and microbial diversity. The moisture content and volatile solids in the composting mass were determined gravimetrically, 13 pH was measured with pH meter, and the total nitrogen content using Kjeldahl method. 13 The exhaust gases, ammonium and carbon dioxide, were absorbed into 4 % boric acid 14 and in 1 mol dm −3 sodium hydroxide, 15 respectively, and determined titrimetrically. Colony-forming units (CFU) of mesophilic and thermophilic bacteria and fungi were determined on the general-purpose media by the pour plate method. 16 The incubation time was 24-48 h for mesophilic and thermophilic bacteria and 72 h for mesophilic and thermophilic fungi. The temperature was 37 °C and 28 °C for mesophilic bacteria and fungi, and 50 °C for thermophilic bacteria and fungi. The results were expressed as CFU per g of dry matter. 16 3 Results and discussion
Temperature profile and growth of microorganisms
Temperature is one of the most important parameters for maintaining the efficiency of the composting process. Biological activity is an indicator of biodegradation of organic matter because aerobic microorganisms produce heat in composting mass.
14 The temperature undergoes considerable changes due to a calorific effect, resulting from oxidative cleavage of covalent bonds in the substances during composting. 17 All composting processes are known to go through three stages: mesophilic, thermophilic, and cooling. Stentiford 18 suggested that temperatures higher than 55 °C maximized sanitation, those between 45 and 55 °C maximized the biodegradation rates, and those between 35 and 40 °C maximized microbial diversity in the composting process. The initial temperature of the composting mass of TW was 25 °C and after 48 hours rapidly increased to 56 °C. The third day of composting, the temperature dropped to 39 °C, and the day after increased again to a peak of 44 °C. Afterward, the composting mass started to cool until the compost and ambient temperatures levelled (Fig. 2) .
In contrast, the temperature of the TGW composting mass at beginning of the process was 22 °C, and after 4 days started to increase until day 9. After 10 days of composting, the composting mass started to cool until compost and ambient temperature levelled (Fig. 3 ). In the case of TGW, the thermophilic phase was longer (Fig. 3) . This was probably due to the combination of organic compounds found in this mixture, in which organic matter is mainly composed of easily degradable compounds. The mesophilic stage usually starts at the beginning of a process during which the microorganisms undergo adaptation and proliferate. 17 The temperature levels in the composting mass tended to increase and reached 50-60 °C due to the energy released from the biochemical reactions of the mesophilic micro-organisms. Increased temperature enabled the growth of thermophilic microorganisms and their activity.
In this phase, metabolic heat started to decrease as a result of biodegradation of macromolecules that uses a large amount of energy, and the temperature started to drop. 1 This enabled the regrowth of mesophilic microorganisms. The secondary temperature peak that occurred was possibly a result of delayed microbial growth (recovered mesophilic microbial population) in the outer portions of the composting mixture, either due to the water leached from the top, or lower heat removal rate due to the predominance of low constant aeration rate, or both. 19 At the end of the experiment, the organic components of the waste underwent their final degradation, and the temperature curve was typical of a laboratory composting process and indicated that the system was operating satisfactorily.
The growth of both the mesophilic (20-45 °C) and thermophilic (45-70 °C) bacteria and fungi, at various stages of the composting process of TW and TGW, was determined (Figs. 2 and 3) . The microbial species involved in the degradation of the substrate and their number changed with the changes in reactor temperature. During the first day of TW composting , the number of mesophilic bacteria increased from 5.49 • 10 6 to 1.35 • 10 7 , and at day fifteen up to 9.83 • 10 7 . After that, their number slowly started to decrease. The exponential growth (4.17 • 10 5 to 4.23 • 10 7 ) of thermophilic bacteria (TW) started after the first day because the temperature was about 50 °C, and until the end of composting their number had not increased further. The number of mesophilic bacteria in the composting mixture of TGW was 8.5 • 10 7 , and after 7 days increased to 1.2 • 10 9 and remained at this level until the end of the process. The growth of thermophilic bacteria started to increase after the third day (1.7 • 10 6 to 3.0 • 10 7 ). Bacteria are mostly responsible for the initial phase of the composting process because they consume the available soluble nutrients and produce metabolic heat. 20 From the start of experiment TW, the number of mesophilic (5.48 • 10 4 ) and thermophilic (3.43 • 10
3 ) fungi decreased, and until the end of the process, only mesophilic fungi were detected (6.31 • 10 2 ). In contrast, the mesophilic and termophilic fungi were present throughout the TGW composting period (Fig. 3) . From these results, it can be seen that the number of mesophilic and thermophilic fungi in the composting mass of TGW was higher than in the composting mass of TW because grape waste initially contained a high concentration of simple organic compounds such as fruit sugar. Further, the initial pH values of TW and TGW were 6.5 and 5.3, respectively, which was adequate for fungal growth (Table 1) . Fungi are generally more tolerant to acidic environments and less tolerant to temperatures above 35-40 °C than bacteria, and therefore they are an important group in the early phase of composting. 21 
Emission of carbon dioxide and ammonia
Carbon dioxide and ammonia were the main gases released during composting of tobacco waste and mixture of tobacco and grape waste. The dynamics of CO 2 release in the compost reactor is highly influenced by the temperature regime. The higher CO 2 production occurred in the first part of the process characterized by high temperatures and intense biodegradation of organic fraction of tobacco waste and mixture of tobacco and grape waste (Fig. 4 (a) and (b)). It can be seen from Fig. 4 that after 6 (TW) and 10 (TGW) days, the concentration of carbon dioxide started to decrease until the end of the process. The variation of CO 2 concentration during that period is in correlation with bacterial activity and reaction temperature (Figs. 2-4 Ammonia emissions have been proposed in some works as an indicator of the biological activity in composting materials with high nitrogen content. 8 Tobacco waste has high nitrogen content and therefore a low C/N ratio, while the mixture of tobacco and grape waste has optimal C/N ratio. It is known that temperature, pH value, and C/N ratio are the main factors influencing ammonia emissions from the composting mass (Figs. 5 and 6 ). High temperature and pH value affects ammonia volatilization, thus non-volatile ammonium ions are converted to the volatile ammonia form. 8 Also, it is well known that NH 3 emission strongly depends on the pH of the composting materials, and that NH 3 evolves into exhaust gas when the pH of the composting material exceeds approximately 8. 9 The pH values of composting mass ordinarily vary from weakly acidic to neutral. The optimum pH value of composting is between 5.5 and 8.0.
3 During the biodegradation of nitrogen-containing compounds, nitrogen is transformed to ammonium ions and the composting mass becomes alkaline, which is closely related to the activity of bacteria participating in the process of compost formation. 17 The pH value of the composting mass of TW and TGW at the beginning of process was 6.5 and 5.3, and at the end of process 9.2 and 8.8, respectively (Fig. 5) . From Fig. 5 (b) it can be seen that pH value of TGW dropped to acidic range (pH = 4.6) because of production of organic acids. 3 Afterward, the pH value started to increase to pH = 8.6 -9.0 and thus remained until the end of the process. The increase in pH value during the composting process is due to the production of ammonium ions as a result of the ammonification process. 23 During the first 10 days of composting, the concentration of ammonia in exhaust air was low. As the pH value increased, the concentration of ammonia in exhaust air also increased, and when the pH was approximately 9, the highest concentration of ammonia was detected (on day 19 for TW and day 18 for TGW). Further, the concentrations of ammonia in exhaust air (VM) were lower in composting mass of TGW (122.456 mg kg ) due to the lower nitrogen content in TGW. Furthermore, from Fig. 6 it can be seen that the concentration of ammonia in condensate during composting of TW (Fig. 6 (a) ) is also much higher than during composting of TGW (Fig. 6 (b) ). The cumulative evolved ammonia in condensate of TW was 11.505 mg dm −3 and of TGW 1.604 mg dm .
C/N ratio and conversion of substrate during composting of different solid waste
The C/N ratio has frequently been used to describe the course of organic waste degradation and it is widely accepted that a high substrate C/N ratio implies a low mineralization rate due to N deficiency. 25 The initial carbon and nitrogen ratio is the most important index of compost quality. Based on the nutritional requirements of the microbes that are active in composting, C/N ratio of the organic matter should be in the order of 25-35 parts carbon to 1 part nitrogen; a declination from this ratio leads to a slow composting process. 1 The initial C/N ratio of tobacco waste and mixture of tobacco and grape waste was 21 and 35, respectively. It gradually decreased with increasing conversion of volatile solids, expressed as degradation of organic matter in waste solid (Fig. 7) . At the beginning of the process, degradation of organic matter was faster in TW because in TGW the pH value dropped to 4 which inhibits growth of bacteria as the main microorganisms for degradation of organic matter. After 7 days of composting when pH value increased, the degradation rate in TGW was faster because grape contains sugars that are easily degradable components and are not toxic to microorganisms like nicotine. The most intense degradation was evident in the first 13 days, i.e. in the first half of the composting process, when conversion in TW and TGW was approximately 35 % and 45 %, respectively. The nitrogen as ammonium ions remained in the composting mass until day 15 when the volatilization of ammonium ions started (Fig. 5) . At the end of composting, the obtained conversion of tobacco waste and mixture of tobacco and grape waste was 47 % and 55 %, while C/N ratio 10 and 23, respectively. 
Conclusions
During 21 days of composting tobacco waste and a mixture of tobacco and grape waste in a closed reactor, the following was recorded. Initial pH of compost of tobacco waste and mixture of tobacco and grape waste was 6.5 and 5.3, respectively. Initial C/N mass ratio was 21 and 35, and at the end of the composting process 10 and 23, respectively, which shows degradation of organic matter in both experiments. Temperature, pH and C/N mass ratio influenced the emission of CO 2 and NH 3 . Most of the carbon dioxide evolved during the first 10 days of the composting process due to the highest activity of microorganisms. The cumulative evolved CO 2 in volatile matter during 21 days of composting of tobacco waste and mixture of tobacco and grape waste was 94.01 g kg −1 and 208.18 g kg −1 , respectively. From the given values of evolved CO 2 in TG and TGW experiment, it can be concluded that a higher biodegradation rate was achieved in the experiment with TGW, which is in accordance with the obtained higher conversion in the TGW experiment at the end of the process. At the beginning of the composting process, the concentration of volatile ammonia was low, and then increased with increasing pH value (pH = 9) of composting mass. The cumulative evolved NH 3 in volatile matter during 21 days of composting of tobacco waste and mixture of tobacco and grape waste was 504.81 mg kg −1 and 122.456 mg kg
, respectively, which shows that less ammonia had evolved in experiments with TGW where C/N ratio was higher. From the obtained results, it can be concluded that the experiment TGW is better for composting than TW. TW has low C/N ratio and more ammonia is evolved, and also contains nicotine which is toxic to microorganisms and lower conversion is achieved. After two weeks of composting TGW, the conversion had not changed, and temperature dropped to mesophilic phase and stayed in this phase until the end of the process, indicating that the third phase of the composting process was over and the maturation phase had started. In the maturation phase, the compost material needs to tumble and there is no need for aeration. , mg kg , mg kg 
